Abstract Families with autosomal dominant frontotemporal dementia and amyotrophic lateral sclerosis (FTD/ ALS) have previously been linked to a locus on chromosome 9p21. We describe the clinical phenotype and pathology of a large family with autosomal dominant FTD/ ALS with nine affected members originating from Gwent in South Wales, UK. We also further refine the locus on chromosome 9p21 using a haplotype sharing approach and assess heterogeneity in 9p21 linked families. Within this family, affected individuals present with either FTD or ALS or both diseases simultaneously. In addition there was marked phenotypic variation including ataxia, Parkinsonism, psychosis and visuo-spatial cognitive deficits. The pathological features of the three cases described were consistent with type 2 FTD pathology, as previously reported in similar families. However, we also report distinctive cerebellar and glial pathology and a significant proportion of TDP-43 negative inclusions. No mutations in known genes for FTD or ALS were found. We identified a large 4.8-megabase haplotype on chromosome 9p21, which was shared by all affected family members. This haplotype overlaps and limits the previously reported FTD/ ALS linkage region on chromosome 9p21. Sequencing of this region did not identify any evidence of a pathogenic exonic mutation. This suggests that the pathogenic change affects non-coding DNA and that the disease is caused by variation in gene or protein expression.
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Background
Frontotemporal lobar degeneration (FTLD) is the third most common neurodegenerative cause of dementia, and is a particularly common cause of dementia in those under the age of 65 years [1] . A number of lines of evidence indicate substantial overlap between FTLD and motor neuron disease/amyotrophic lateral sclerosis (ALS). In one study, 50% of cases with ALS were found to have cognitive impairment, with 15% fulfilling the criteria for FTLD and 23% meeting the criteria for dementia [2, 3] . Conversely, 14% of cases with FTLD have a diagnosis of ALS, while 36% have some suggestive clinical features [4] . This clinical overlap has been underlined by the recent finding that TAR-DNA binding protein-43 (TDP-43), encoded by the TAR-DNA binding protein gene (TARDBP), is a major component of the pathological features of both diseases [5] . Recent consensus criteria classify these diseases according to the type of pathology together with the known genetic aetiology [6] . Cases with FTLD whose pathology is characterised by ubiquitin inclusions and lack hippocampal sclerosis are designated FTLD-U. These intra-neuronal and glial inclusions are negative for tau and a-synuclein but stain positively for TDP-43 in most cases of sporadic and familial FTLD-U, with and without clinical ALS, as well as in sporadic ALS and some familial ALS [7] . TDP-43 is a nuclear protein, but in the pathological state the distribution of TDP-43 changes such that it is sequestered into neuronal cytoplasmic inclusions (NCI), neuronal intranuclear inclusions (NII) and dystrophic neurites (DN). Depending on the predominant inclusion present, the pathological appearances of FTLD-U are subdivided into types 1-4, where type 2 pathology is associated with cases of FTD/ALS linked to chromosome 9p [6, 7] . This supports a potential aetiological link between FTD and ALS.
We describe the clinical, pathological and genetic investigation of a family originating in the Gwent region of South Wales, UK, with nine affected members ( Fig. 1 ) originally reported in 2003 [8] , in which clinical FTLD and ALS are alternative presentations of the same disease.
Methods

Clinical study
Following informed consent, family members were interviewed and examined, and DNA was stored. Case notes and genealogical records of affected individuals were reviewed. Age at onset was defined using the time of onset of the first symptom attributable to the disease. Clinical and genetic analysis was carried out under ethical approval from the Multi-Centre Research Ethics Committee for Wales.
Pathological study
The brains and spinal cords were removed from cases 5, 7 and 9, weighed and processed for neuropathological examination. Immuno-histochemistry using dehydrated paraffin wax sections was performed using rabbit antihuman tau (1/500, DAKO), anti-ubiquitin (1/250, DAKO), anti-a-synuclein (1/80, Novocastra), anti-glial fibrillary acidic protein (GFAP) (1/1500, DAKO) and two types of anti-neurofilament (Sigma: 200 kDa, phosphorylated and non-phosphorylated 1/800; ICN Pharmaceuticals: 70 and 200 kDa 1/160) and mouse anti-human monoclonal A-beta (Ab4 at 1/100, pre-treated with formic acid). Antibodies were diluted in phosphate-buffered saline, and antigen retrieval was carried out with microwaving for 5 min in citrate buffer in each case. Primary antibody visualisation used the DAKO TM Envison system. Rabbit anti-human polyclonal antibody TDP-43 (Proteintech group, 10782-1-AP 1/500) was used with an antigen retrieval method following Namimatsu and colleagues [9] . The primary antibody was visualised using an avidin biotin complex kit with 3,3 0 -diaminobenzidine. Professor J.W. Ironside, University of Edinburgh kindly performed staining with anti-prion protein antibodies on cases 5 and 7.
Genetic analysis
Sequence analysis was carried out with BigDye terminator chemistry analysed using an ABI 3100, using previously published primers [10] . Following quantification by PicoGreen (Molecular Probes, Eugene, OR, USA), the DNA for all samples was genotyped using the Illumina HumanHap550 BeadChip (Illumina, San Diego, CA, USA) with genotype calling using BeadStudio according to the standard protocols defined by Illumina. PLINK [11] was then used to ensure that all samples included in our analysis Using this merged dataset all markers with minor allele frequency [0.05 were then pruned for LD using the ''indep-pairwise'' function of PLINK by defining a window of 50 SNPs, a step of 5 SNPs and an intermarker r 2 threshold of 0.2. This procedure generated a set of 62,618 markers that were then used to identify any extended haplotype longer than 1 Mb shared by any pair of samples. All haplotypes shared by affected members of the Gwent family were identified. Then, based on an autosomal dominant model, we manually excluded haplotypes also carried by any elderly unaffected family member who had survived for more than 10 years beyond the oldest known age at onset in the family. We used Human Genome 18 build for all genomic numbering.
Results
Clinical features
Mean age at disease onset was 42.7 years (range 31-52 years), with mean disease duration of 3.6 years (0.5-12 years) and mean age at death of 45.8 years (40-54 years). Before the definitive pathological studies, clinical diagnoses in this family included Parkinsonism, Creutzfeld-Jakob disease, progressive muscular atrophy and ALS. There was wide variation in the clinical phenotype (Tables 1, 2 ). Five cases (62.5%) had ALS at presentation (cases 2-4, 6 and 9). Of these cases, three presented with both bulbar and limb involvement and two with purely limb onset with one of these cases later developing bulbar involvement. Case 3 had features of both ALS and behavioral variant frontotemporal dementia (bvFTD) at presentation, and cases 2 and 6 later developed features of bvFTD. Three cases (37.5%) presented primarily with executive dysfunction, behavioural change and cognitive impairment consistent with bvFTD without ALS (cases 5, 7 and 8). Case 7 had prominent psychosis and personality change at presentation, and case 8 has also developed psychosis with hallucinations and delusions. All three of the cases who presented with bvFTD developed features of ALS later in their disease course. Cases 2, 5 and 8 had extrapyramidal signs, and case 7 had prominent cerebellar ataxia. Cases 6, 7 and 8 had neuropsychological assessments, and all had significant executive dysfunction and impaired visuo-spatial skills with relatively less impaired memory and language. Neuroimaging showed that case 6 had predominantly parietal and occipital cortical atrophy, case 8 had frontotemporal cortical atrophy, and the imaging in case 9 was normal (Online Resource 1). Detailed case histories of these cases can be found in the supplementary material (Online Resource 2).
Pathology
Case 5 The brain weighed 800 g and demonstrated atrophy of the frontal lobes and cerebellar hemispheres but not brain stem or basal ganglia. The spinal cord was atrophic, as were the individual spinal nerves. Frontal cortex (Brodmann area 9), but not temporal or parietal cortices showed GFAP positive gliosis and vacuolation. There were no tau, a-synuclein or b-amyloid inclusions in brain or spinal cord. There were intra-neuronal ubiquitinated inclusions in the spinal cord and frontal cortex with equal numbers of TDP-43 positive neuronal cytoplasmic inclusions (NCI) in laminae III and IV. Numerous ubiquitinated neurons were present in the dentate gyrus and an occasional TDP-43 positive NCI was seen (Fig. 2e, f) . Hippocampal sclerosis was not present. The medulla contained ubiquitinated, TDP-43 positive, skein-like inclusions in the hypoglossal nucleus, again best described as NCI found in type 2 FTLD (Fig. 3e) . No inclusions were present in the olivary nucleus. There was no neuronal loss from the substantia nigra. The putamen and globus pallidus contained occasional TDP-43 and ubiquitin positive NCIs. The cerebellum demonstrated focal Purkinje cell loss, but did not contain inclusions in the dentate nucleus. TDP-43 positive staining threads were present in the white matter of the cerebellar peduncle and internal capsule, and some had the appearance of intraglial inclusions (Fig. 2 c, d ). The spinal cord anterior horn cells were reduced in number, but the surviving neurons contained intra-neuronal ubiquitin inclusions and ''skein-like'' TDP-43 positive NCIs (Fig. 3a, b) . Myelin staining in the lateral corticospinal tracts was reduced.
Case 7 Brain weight was 1,350 g, with no evidence of cortical or cerebellar atrophy. The frontal cortex was vacuolated and gliotic in laminae II/III. The entorhinal, insular, parietal and temporal cortex did not contain vacuolation. Frontal cortex contained TDP-43 positive NCIs and ubiquitin inclusions in equal numbers (Fig. 2a,  b) . Positive TDP-43 staining was present in the white matter and interpreted as intraglial inclusions. The dentate gyrus contained both ubiquitin and TDP-43 positive NCIs, but no hippocampal sclerosis. In the medulla, ubiquitin and TDP-43 positive NCIs were present in the hypoglossal positive NCIs were present in the substantia nigra, but there was no significant neuronal loss (Fig. 3f ). There was extensive Purkinje neuron loss with Bergman gliosis as shown by GFAP staining. Bielschowsky positive torpedoes were present in the granular layer (Fig. 4a, b ). An occasional ubiquitin inclusion and TDP-43 positive NCI was present within Purkinje neurons (Fig. 4c-e) . Anti-neurofilament positive aggregates contiguous with surviving Purkinje neurons were present in the granular layer (Fig. 4f) . The dentate nucleus contained ubiquitin and TDP-43 positive inclusions. There was no neuronal loss or loss of myelin staining in the spinal cord, and no TDP-43 positive inclusions were present in the anterior horn cells.
Case 9
Brain weight was 1,300 g, and there was mild frontal cortical and superior temporal gyrus atrophy. The frontal cortex contained gliosis and neuronal loss, but only minimal vacuolation. Frontal cortical areas contained ubiquitin and TDP-43 positive neurons. In the cingulate cortex, ubiquitin positive NCIs were more numerous than TDP-43 positive inclusions. In the medulla there were ubiquitin and TDP-43 positive skein-like inclusions in the hypoglossal nucleus (Fig. 3c, d ), but no inclusions in the olivary nuclei. The substantia nigra did not demonstrate neuron loss, but TDP-43 NCIs were present in the pars compacta neurons. Only an occasional TDP-43 and ubiquitin positive NCI were present in the putamen and globus pallidus. The dentate gyrus contained ubiquitin and TDP-43 positive inclusions with neither gliosis nor sclerosis. There was no loss of Purkinje neurons and no NCI. There were ubiquitin positive neurons in the dentate nucleus. TDP-43 inclusions were present in the white matter and interpreted as intraglial inclusions. The spinal cord showed loss of anterior horn cells and lateral corticospinal white matter loss. Ubiquitin and TDP-43 positive and ''skein-like'' NCIs were present in surviving anterior horn cells (Fig. 3b) . The TDP-43 staining neuritic processes were regarded as short dystrophic neurites as found in type 2 FTLD [7] . (Fig. 5) . Given the clinical and pathological similarities with these families (Table 3 ) we feel that the 4.8-Mb region remains the most likely location for the FTD/ALS gene. However the current analysis is unable to exclude the possibility that the haplotype surrounding the disease gene is less than 1 Mb or that it lies within any of the other six regions. Copy number variants (CNVs) were determined from the Illumina SNP data using PennCNV [19] defined by at least ten SNPs spanning a minimum of 50 kb. This failed to reveal any CNVs present at the chromosome 9 locus in any members of the pedigree. SNP arrays can have limited resolution in detecting small CNVs, therefore it remains possible that a CNV smaller than 50 kb is present at this locus. The region contains only eight protein coding genes: TUSC1, PLAA, IFT74, LRRC19, TEK, MOBKL2B, IFNK and LINGO2. The exons of each of these genes were sequenced in both affected and unaffected members. However this failed to identify any evidence of a protein coding mutation that segregated with disease.
Comment
We report marked clinical heterogeneity in a family with FTD and ALS, likely to have a single disease caused by a mutation in the chromosome 9 FTD/ALS linkage region. As well as typical bvFTD and ALS, members of this family This family adds to the growing number of reported families with inherited FTLD and ALS. Linkage to chromosome 9 was originally reported in one Dutch and one Scandinavian family with FTD/ALS and ubiquitin pathology (FTLD-U) [16, 18] . The inclusion pathology in these families has subsequently been shown to be TDP-43 positive with type 2 distribution, characterised by predominant NCIs with short DNs [7] . Subsequently, several other FTD/ALS families have been published with chromosome 9 linkage (Table 3) [12] [13] [14] [15] 17] . In all published families there has been phenotypic variability. Individuals may present with features of FTD and ALS simultaneously, with one disease followed by the other, or alternatively with FTD or ALS alone. Compared with the chromosome 9p21 linked families, the Gwent family has a higher proportion of cases developing both conditions (67% versus 22%) and younger age at onset (42.2 versus 55.7 years). The average disease duration of 3.6 years in the Gwent family is similar to that of other families (4.6 years). Prominent cerebellar ataxia as seen in case 7 has not previously been reported in any case with familial FTD/ALS. In this family, clinical ataxia was accompanied by marked cerebellar Purkinje cell loss at post mortem (Fig. 4) . Psychosis as observed in our family has been described in five members of four other families [12, 13, 18, 20] . Visuo-spatial dysfunction has also been noted in a small number of cases in two families [13, 16] . Two cases that had clinical FTD and prominent visuo-constructional dysfunction had a contrasting distribution of atrophy: parieto-occipital in case 6 and frontotemporal in case 8. However, in case 9, who had pure ALS, the scan was normal (Online Resource 1). In other FTD/ALS families where imaging findings have been reported, imaging has revealed predominantly frontotemporal atrophy, although fronto/parieto/occipital atrophy has been described in one family with some members developing a cortico-basal syndrome [14] .
The pathology in all these cases was consistent with type 2 FTLD-U pathology [6] consistent with the findings in chromosome 9 linked families and in other families with a similar phenotype but without proven linkage [21] . In all cases, ubiquitin and TDP-43 inclusions were consistently present in the frontal cortex, dentate gyrus and hypoglossal nucleus, with some TDP-43 positive pathology in the substantia nigra and basal ganglia. Pathological heterogeneity was seen, which corresponded with the clinical findings. Cases 5 and 9 demonstrated spinal cord involvement, whereas in case 7 there was cerebellar pathology with Purkinje neuronal loss, intra-neuronal neurofilament (ubiquitin positive and TDP-43 negative) and intra-neuronal cytoplasmic ubiquitin inclusions, but no spinal cord involvement. The findings in case 7 correlate with progressive ataxia described in this individual, whereas cases 5 and 9 both had clinical signs attributed to lower motor neuron changes in the spinal cord and cranial nuclei. Cerebellar involvement in FTLD has been reported, but to our knowledge the unusual neuropathological findings we describe in case 7 consisting of severe Purkinje cell loss, argyrophilic torpedoes and neurofilament staining have not been identified in other families. More abundant intraneuronal ubiquitinated inclusions were noted than TDP-43 inclusions, especially in the dentate gyrus and neocortex in cases 5 and 9, raising the possibility of an additional unidentified component within the ubiquitinated inclusions apart from TDP-43. These findings are similar to the pathology in the VSM-20 family [14] . The number of ubiquitinated neuronal inclusions in the dentate gyrus and pyramidal neuron layers in the hippocampus from all three cases was higher than for TDP-43 NCI in the same areas. The presence of TDP-43 pathology in white matter threads and glia as noted in the three cases is in agreement with the observations made in two other families [12, 14] , raising the possibility of a role for glia in the pathology of this disease.
Causative mutations for familial ALS have been identified in the SOD-1 [22] and FUS [23] genes, but in these families the pathology is distinct from sporadic ALS. The current family does not have mutations in FUS, SOD1 or TARDBP. A mutation in the IFT74 gene has been identified in one family thought to be chromosome 9p linked [10] , but this has not been replicated in other families and is also absent in our family. Other groups have also failed to identify a non-polymorphic exonic mutation in this region, suggesting a non-protein coding pathogenic mechanism [12] [13] [14] [15] [16] [17] [18] . Given that RNA processing is emerging as a pathogenic mechanism in ALS, it is possible that the chromosome 9 region contains a pathogenic RNA encoding sequence [24] .
